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a  b  s  t  r  a  c  t
Llanos  de  Moxos  are  vast  plains  in the  Bolivian  Amazonia  that  are  continually  ﬂooded  by  the  Mamore
river.  The  ﬂood  lasts  for  several  days  affecting  important  cities  like Trinidad,  drowning  people,  drowning
cattle  and  swamping  arable  land.  Because  of the  cloudy  skies,  remote  sensing  observations  are  limited
to  some  areas  and  few  days.  Thus,  there  is  huge  uncertainty  about  characteristics  of  ﬂood  events  and
possible  consequences.  Two-dimensional  (2D)  numerical  simulation  proved  to  be an  important  tool  for
understanding  ﬂood events.  The  HEC-RAS  model  is  one  of the  most  popular  hydraulic  models.  In  2014  a
new  version  of  HEC-RAS  (HEC-RAS-v5)  was  released  including  2D  capabilities.  The present  study  applied
the  new  HEC-RAS-v5  to simulate  the  February  2014  ﬂood  event  in the  Bolivian  Amazonia.  The  ﬂood
simulated  shows  good  performance  when  compared  with  satellite  image  of  the  ﬂood  event.  In addition,
the  simulation  provides  information  like  water  depth,  ﬂow  velocity  and  a temporal  variation  of the  ﬂood.
Speciﬁc  locations  where  water  begins  to overﬂow  were  identiﬁed.  Over  most  of the  ﬂooded  area  the  water
velocity  is  lower  than  0.25 m s−1.  During  ﬁrst  ten  days  of the ﬂood  the  ﬂood  extent  increases  rapidly.  The
ﬂood  depth  allows  identifying  areas  exposed  to different  hazard  levels.  The  west plain of  the  Mamore
river  is the  most  exposed  to the  ﬂood;  it shows  bigger  ﬂood  extent,  longer  ﬂood  duration  and  deeper
water  depth.  The  ﬂood  that  threatens  the city  of  Trinidad  originates  in  two  locations;  one  located  32 km
at the  north  and  other  located  10 km  at the  south  west.  The  ﬂood  from  the  north  gets  close  to Trinidad
twelve  days  after  it begins  to overﬂow,  while  the  ﬂood  from  the south  gets  close  to Trinidad  seven days
after  it  begins  to  overﬂow.  Although  the  ﬂood from  the  north  is  deeper  than  the  ﬂood  from  the south,
the  ﬂood  from  the  south  begins  ﬂooded  before  the  north.  Thus,  water  borne  and  vector  borne  diseases
may  originate  at  the  south  earlier  than  the  north. The  city  of  San  Javier  gets  covered  by ﬂood  ﬁve days
after  the water  begins  to overﬂow.  The  study  shows  the  applicability  and  the  value  of the  2D  capabilities
of  the  new  HEC-RAS  for  ﬂood  studies.
© 2016  IAHR  y WCCE.  Published  by  Elsevier  España,  S.L.U.  This  is an  open  access  article  under  the CC
BY-NC-ND license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Aplicación  de  simulación  numérica  2D  para  analizar  la  inundación  de  febrero
de  2014  en  la  Amazonia  Boliviana:  aplicación  del  nuevo  HEC-RAS  versión  5alabras clave:
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mazonia Boliviana
r  e  s  u  m  e  n
Llanos  de Moxos  son  planicies  de  inundación  en la  Amazonia  Boliviana  que  constantemente  son  inun-
dadas  por  el  río  Mamore.  Las inundaciones  se  prolongan  durante  varios  días  afectando  importantes
ciudades  como  Trinidad,  ahogando  gente,  ahogando  ganado  e inundando  cultivos.  La  visibilidad  de  imá-
genes  satelitales  se  ve  limitada  debido  a la nubosidad.  Por tal  motivo  se  tiene  un  gran  desconocimiento
sobre  las  características  de  la  inundación  y sus  posibles  consecuencias.  Simulación  numérica  bidimen-
sional  (2D)  es una  importante  herramienta  para simular  y analizar  inundaciones.  El  modelo  HEC-RAS  es
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uno de  los  más  populares  modelos  hidráulicos.  En octubre  de  2014  la  última  versión  de  HEC-RAS  ver-
sión  5 fue publicada  con  capacidades  2D. El  presente  estudio  aplicó  el nuevo  HEC-RAS  versión  5 para
simular  la inundación  de febrero  de 2014  en la  Amazonia  Boliviana.  La inundación  simulada  muestra
buen desempen˜o  comparado  con  imagen  satelital  del evento.  Además,  la  simulación  provee  información
adicional  como  puede  ser profundidad  de agua,  velocidad  del  ﬂujo  y la  variación  de  la  inundación  en  el
tiempo.  Se identiﬁcaron  lugares  especíﬁcos  donde  el agua  comienza  a  inundar  la  planicie.  En  la  mayor
parte  del  área  inundada  la  velocidad  del  ﬂujo  es inferior  a 0,25  m s−1. Durante  los  primeros  diez  días  de
inundación  la  extensión  de  la inundación  se incrementa  rápidamente.  La  profundidad  de  la  inundación
permite identiﬁcar  zonas  expuestas  a  distintos  niveles  de  amenaza.  La planicie  al oeste  del  río  Mamore
es  la  más  expuesta  a la  inundación;  esta  tiene  mayor  área  inundada,  duración  más  prolongada  y mayor
profundidad  de inundación.  La  inundación  que  amenaza  a  Trinidad  se origina  en  dos lugares;  uno  ubicado
unos 32  km al  norte  de  Trinidad  y el  otro  ubicado  unos  10 km al sudoeste.  La  inundación  del  norte  se  acerca
a  Trinidad  en  unos  doce  días  después  de  iniciarse  la  inundación,  mientras  que  la  inundación  del sudoeste
se acerca  a  Trinidad  unos  siete  días después  de iniciarse  la  inundación.  Pese  a que  la inundación  del norte
muestra mayor  profundidad  de  inundación,  la  inundación  del sur llega  a Trinidad  antes.  Por  tal  motivo,
es  posible  que brotes  de  enfermedades  se  originen  en  el sur. La  ciudad  de  San  Javier  queda  inundada  unos
cinco  días después  de iniciarse  la  inundación.  El  presente  estudio  muestra  la aplicabilidad  y  los  posibles
beneﬁcios  de  las  nuevas  capacidad  2D del nuevo  HEC-RAS  para  estudio  de inundaciones.
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the wet season the Mamore river overﬂows and ﬂoods the area.©  2016  IAHR  y  WC
. Introduction
Floods can be considered as the most important natural disas-
er with an occurrence higher than any other natural hazard and
ffecting more people than all the other natural hazards together
1]. Besides, climate change will increase ﬂood probabilities and
he magnitude of ﬂoods [2]. Floods are related to social–civil con-
icts [3], environmental problems [4] and economic losses [5]. The
lanos de Moxos located in the Bolivian Amazonia are an example of
oodplains that continually suffer severe ﬂood events causing envi-
onmental, economic and social damages. Several hectares of arable
and get swamped, several thousands of cattle heads are drowned,
rops are ﬂooded and some important cities are either ﬂooded or
hreatened by ﬂood waters. Besides, due to the ﬂat topographic
haracteristics of the area the ﬂoods last for several days; hence,
eople are also exposed to water borne and vector borne diseases.
lood risk management measures are required for the Llanos de
oxos.
Flood risk assessment and management are fundamental steps
or identifying current hazards, prone risk areas and reducing them
n future ﬂood events [6]. In order to propose ﬂood management
easures it is important to understand the ﬂood and to analyze the
ffect of the proposed measures. A simple approach is to analyze
oods based on in situ ﬂood observations [7]. However, in situ ﬂood
bservations are not always available. Other studies use remote
ensing data for ﬂood studies [8,9]. However, usually ﬂood events
ccur during cloudy skies that limit the use of remote sensing
ata. Besides, ﬂood studies based on observation are only valid for
peciﬁc ﬂood events. Hence, future ﬂood events or the effect of
ood structural measures cannot be analyzed by such observation
ased maps. The use of numerical models allows simulating ﬂood
vents considering different scenarios. Hence, numerical models
re important tools for understanding ﬂood events, ﬂood haz-
rd assessment and ﬂood management planning. Previous studies
howed the applicability of numerical models for producing hazard
aps considering different ﬂood management strategies [10,11] or
econstructing past ﬂood events [12].
Numerical models may  use either one-dimensional (1D) or two-
imensional (2D) models. Although the 1D modelling approach
ould be useful in some contexts, mainly for artiﬁcial channels, it
resents several limitations for overﬂow analysis [13]. When water
egins to overﬂow it becomes a 2D phenomenon and the use of a
D model is more suitable. Thus, 2D numerical models were suc-
essfully applied for ﬂood modelling [14–16]; the discharge is used
s upstream boundary condition of the main river channel and thenblicado  por  Elsevier  España,  S.L.U.  Este  es  un  artículo  Open  Access  bajo  la
encia  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
a 2D simulation is performed. Nowadays there is a wide availability
of numerical models with different capabilities and from different
developers; some models are free while others require the pur-
chase of a licence. One of the most popular hydraulic models is
the American model HEC-RAS developed by the U.S. Army Corps
of Engineers (USACE). HEC-RAS is a free software with a friendly
graphical user interface that was successfully used for ﬂood studies
[17–19]. Moreover, it is under constant improvement and devel-
opment by the USACE. However, one of its greatest limitations was
that it was limited to 1D ﬂows. Thus, studies usually combined HEC-
RAS with other models 2D; ﬂow discharges at certain cross section
are used as boundary condition for the 2D model [16]. Last year
(2014) HEC-RAS announced and released its new HEC-RAS version
5.0 Beta (HEC-RAS-v5) with 2D capabilities [20]. The model is still
distributed as beta version and not fully available. Due to the pop-
ularity of HEC-RAS, this new 2D capabilities are a great innovation
for future ﬂood studies.
The present study aims to analyze the 2014 ﬂood event in Llanos
de Moxos using the 2D capabilities of the new HEC-RAS-v5. A 2D
numerical simulation of the 2014 Llanos de Moxos ﬂood event was
performed with the new HEC-RAS-v5 and daily discharges of the
Mamore river. The model provided daily simulation of the ﬂood
extent, ﬂood depth and ﬂow velocities. The simulated ﬂood extent
shows good performance when comparing to the ﬂood extent
observed by satellite image.
2. Study area and data
2.1. Study area
Llanos de Moxos are vast ﬂoodplains between latitudes 12.0◦ S
and 17.0◦ S and longitudes 62.5◦ W and 67.0◦ W in the Bolivian
Amazonia. They have a mean elevation below 150 m above sea
level and a gentle slope lower than 10 cm km−1. The central part
of Llanos de Moxos is a ﬂoodplain subject to severe inundations
that may  inundate up to 150 000 km2 affecting thousands of peo-
ple and lead to human-economic losses equivalent to millions of
U.S. dollars [21]. The low gradient and the impermeable clayey
soils favour the inundation [22]. The main river is the Mamore river
which is also the longest and most important Bolivian river. DuringThe most important economic activity within the study area is cat-
tle with a production that accounts for about 42% of the Bolivian
cattle. Besides cattle, crops like yucca, rice, banana and corn are also
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mportant economic activities. This study area is also habitat of sev-
ral endangered and unique animals like the pink dolphin and more
han 86 ﬁsh species [23]. From a social perspective some Bolivian
ities like Trinidad (14.83◦ W,  64.90◦ W)  and San Javier (14.60◦ W,
4.88◦ W)  are located within this region. Trinidad has more than
00 000 habitants and is the most important city in the Bolivian
mazonia.
The ﬂood event of February 2014 was among the most severe
nes. Between February 02 and February 22 the estimated dis-
harge increased from 4 200 m3 s−1 to more than 13 400 m3 s−1
24]. The event was so severe that it led to international discuss-
ons with Brazil about the role of the Jirau dam and special studies
ad to be carried out in order to analyze the possible inﬂuence
f the Jirau dam [25] and the climatological conditions that led
o such event [26]. The National Aeronautics and Space Adminis-
ration (NASA) dedicated a web site for this ﬂood event [27]. The
olivian government reported that more than 69 000 families were
ffected, more than 40 000 ha of crops were swamped and more
han 108 000 heads of cattle were drowned.
.2. Data
The main types of data are geographic data that provides a
hysical description of the area and ﬂow data that provides infor-
ation about the discharge of the Mamore river. The geographic
ata was based on the digital elevation model (DEM) from the Shut-
le radar topography mission (SRTM) with a grid cell size of 90 m.
he study focused on an area located between 14.26◦ S, 65.24◦ W
nd 14.99◦ S, 64.62◦ W.  Such area was selected because it includes
he city of Trinidad which is the most important city in the Bolivian
mazonia and the location where river discharge was  estimated
Los Puentes station). The ﬂow data was based on daily discharge
ata of the Mamore river at Los Puentes station provided by the
lood Observatory [24]. The Flood Observatory data base contains
ore than 16 years of daily discharge from the Mamore river.
he study simulated the ﬂoods between February 02, 2014 and
arch 02, 2014. This period was selected because it was the most
ffected by the ﬂood event. Fig. 1 shows the study area and the
ischarge at Los Puentes. It is important to note that Los Puentes is
ocated at the upstream extreme of the studied reach of the Mamore
iver.
. Methodology
.1. Numerical simulation
The ﬂood event was simulated using the new HEC-RAS-v5 model
eveloped by the USACE. The new HEC-RAS-v5 solves either the full
D Saint Venant equations or the 2D diffusive wave equations:
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where h is the water depth (m), p and q are the speciﬁc ﬂow in the
x and y directions (m2 s−1),  is the surface elevation (m), g is the
acceleration due to gravity (m s−2), n is the Manning resistance,  is
the water density (kg m−3), xx, yy and xy are the components of
the effective shear stress and f is the Coriolis (s−1). When the diffu-
sive wave is selected the inertial terms of the momentum equations
(Eqs. (2) and (3)) are neglected.
Initially, the present study considered both options the full Saint
Venant equations and the 2D diffusive wave. Both methods pro-
vided the same results, but simulation solving the 2D diffusive
wave equations was about 20 times faster. Thus, the 2D diffusive
wave equations were used for the analysis. The computing domain
is deﬁned by a closed polygon and the computation cells are cre-
ated inside the polygon. The computation cells may  be arranged in a
staggered or a non-staggered grid composed by polygons between
3 sides and 8 sides. The present study used a staggered grid com-
posed by rectangular cells 90 m by 90 m.  Such grid was selected in
order to stay close to the original DEM (SRTM 90*90). The selected
equations are solved with an implicit ﬁnite volume algorithm. The
ﬁnite volume solution approximates the average integral on a ref-
erence volume and allows a more general approach to unstructured
meshes. The solution of the equations is similar to the HEC-RAS 1D
unsteady ﬂow solution. Hydraulic property tables are computed
before starting calculations. Elevation–volume relationships are
computed for each cell and elevation–hydraulic properties (wetted
perimeter, area) relationships are computed for every computa-
tional cell face, similar to the cross section pre-processing in 1D.
Then, the equations are solved with an iterative scheme with a
maximum of 40 iterations.
HEC-RAS-v5 can be used either as a fully 2D model or as a hybrid
1D2D model when the main rivers are modelled as 1D and the
ﬂoodplains are modelled as 2D. Although a hybrid 1D2D model
tends to be faster than a 2D model, such 1D2D model requires the
user to deﬁne the connections between the 1D and the 2D mod-
els. Such connections require a prior deﬁnition of the overﬂow
locations. The present study used a full 2D model because the over-
ﬂow locations were unknown. Future research may  use the present
results in order to perform a 1D2D model considering the deﬁned
overﬂow locations.
The present study used two types of boundary conditions: one
hydrograph boundary condition and one normal depth boundary
condition. The hydrograph boundary condition was located at the
upstream extreme of the Mamore river (at Los Puentes station)
representing the observed discharge that enters the Mamore river
and the simulation domain. The 450 m width of the Mamore river
were represented by four cells. The inﬂow hydrograph (Fig. 2) was
deﬁned at these four cells. Besides the ﬂow hydrograph, it is impor-
tant to deﬁne an energy slope that is used for distributing the
discharge over the cells that integrate the boundary; the distribu-
tion is based on the speciﬁed slope and the pre-processed hydraulic
properties of each cell. Considering the conditions of the study area
a slope of 0.0001 m m−1 was  used. The normal depth boundary
condition was  located not only at the downstream extreme of the
Mamore river but also at the borders of the model where the water
is supposed to ﬂow. If the border of the model is deﬁned as a closed
boundary, the model will assume that water that reaches the border
reaches an obstacle. Thus, the ﬂood water at the border will either
accumulate or change direction. On the other hand, when the bor-
ders are assumed as open boundary the model assumes that the
ﬂood water that reaches the border will continue ﬂowing outside
the model domain.
In order to ensure the stability of the model, the time step was
estimated according to the Courant–Friedrichs–Lewy condition:
Cr = ct
x
=
√
ght
x
≤ 1 (4)
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here Cr is the Courant number, g is the gravity acceleration
m s−2), c is the celerity (m s−1) h is the ﬂow depth (m), t  is
he time step (s) and x  is the grid cell size (m). The celerity was
stimated considering that the limnimetric station at Los Puentes
eported a maximum water depth about 13 m [28]. Thus, according
o Eq. (4) a time step of 15 s was selected. The roughness resistance
as estimated based on the suggestions by Chow et al. [29] and
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Fig. 2. Input hydrograph used in the present study.entes between February 02, 2014 and March 02, 2014.
a previous study that analyzed different roughness values for the
study area [30]. The roughness coefﬁcient was selected based on a
sensitivity analysis. Table 1 summarizes the data used. The study
simulated the ﬂood event considering the discharge measured at
Los Puentes as the upstream boundary condition. The station Los
Puentes is located at the upstream extreme of the Mamore river in
the study area.
3.2. Simulation performanceThe ﬂood simulation was  compared with the ﬂood image
observed on February 17 by the Terra Aqua satellite. The
Table 1
Data used. t is the time step, x is the grid cell size, n is the Manning roughness.
Data Value
t  [s] 15
x  [m]  90
n  (river) 0.018–0.022
n  (ﬂoodplain) 0.025–0.031
Hydrograph Obtained from [24]
Simulation period February 02, 2014–March 02, 2014
V. Moya Quiroga et al. / RIBAGUA – Revista Ib
Table  2
ﬂood hazard classiﬁcation according to [33].
Flood hazard Depth [m]  Hazard
H1 <0.50 Very low
H2 0.50–1.0 Low
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dH3 1.0–2.0 Medium
H4  2.0–5.0 High
H5  >5.0 Extreme
erformance of the model was evaluated based on the measure
f ﬁt F1 and F2 [31] [32].
1 = A
A + B + C (5)
2 = A  − B
A + B + C (6)
here A is the ﬂood area correctly predicted by the model, B is the
ver predicted ﬂood area (observed dry cells simulated as ﬂooded
ells) and C is the under predicted ﬂood area (observed ﬂooded cells
imulated as dry cells by the model). The value of F1 ranges from 0
o +1 and F2 ranges from −1 to +1. Values closer to +1 means a better
erformance. Then, ﬂood hazard to people was analyzed according
he results from the model. The ﬂood water depths were classiﬁed
nto ﬂood hazard categories to prevent human damage accord-
ng to the Japanese criteria of the Ministry of Land Infrastructure
nd Transport (MLIT) [33]. The criteria suggest the classiﬁcation
f ﬁve ﬂood hazard categories (Table 2). Flood hazard H1 (ﬂood
epth lower than 0.5 m)  or very low hazard means that the ﬂood
oes not pose hazard to people and on foot evacuation is not dif-
cult. Flood hazard H2 (ﬂood depth between 0.5 m and 1.0 m)  or
ow hazard means that ﬂood water poses hazard for infants and on
oot evacuation of adults becomes difﬁcult; evacuation becomes
ore complicated. Flood hazard H3 (ﬂood depth between 1.0 m
nd 2.0 m)  is medium hazard; although ﬂood depth can drown peo-
le, people may  be safe inside their homes. Flood hazard H4 (ﬂood
epth between 2.0 m and 5.0 m)  or high hazard means that people
a) February 17, 2014
Flood observed by
MODIS
Trinidad
N
0 10 20 30
Fig. 3. Flood extent of February 17, 2014 registered by MODIS and ﬂooeroamericana del Agua 3 (2016) 25–33 29
are exposed to hazard even inside their homes and are suggested
to evacuate towards the roof of their homes. Flood hazard H5 or
extreme hazard means that even man-made structures like homes
may  get covered by the ﬂood; people may  get drowned even if they
evacuate towards the roof of their homes.
4. Results and discussion
4.1. Performance
This version of HEC-RAS uses double-precision ﬂoating point
numbers for elevations when storing data to internal memory.
However, when the data is written to a results ﬁle HEC-RAS ver-
sion stores the results with a precision of six digits (ﬁve numbers
and a decimal point). Since the highest water depths were deeper
than 10 m (2 digits), the simulations results had a precision of
1 mm.  The performance of the model was assessed by comparing
the ﬂood simulation with a remotely sensed image from the ﬂood
event. The performance assessment considered the ﬂood registered
by the moderate resolution imaging spectroradiometer (MODIS)
aboard the Aqua satellite on February 17, 2014. The speciﬁc day was
selected because it is the only image of the area during the ﬂood
event with clear skies. Fig. 3 shows the ﬂood registered by MODIS
on February 17, 2014 and the ﬂood simulated by the new HEC-RAS
version 5. The model provides a good agreement with the observed
ﬂood. Table 3 summarizes the performance of the model consider-
ing different roughness values. In all the cases the model evaluation
provides measure of ﬁt values F1 and F2 higher than 0.6. Such val-
ues are higher than values accepted by other studies [31,32,34]; this
shows that the model successfully reproduces the ﬂood event. The
values F1 and F2 are very similar for all the scenarios despite the
different roughness values. This shows that the sensitivity of the
roughness value within the proper range is small compared with
the scale of the ﬂood event. Although all the roughness values con-
sidered provide acceptable results, the present study considered
only the roughness value with the best performance (option 1).
b) February 17, 2014
Flood simulated
Trinidad
Legend
Dry cells
Flooded cells
0 10 20 30km
N
d extent on February 17, 2014 simulated by the HEC-RAS model.
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Table  3
Performance of the model with different roughness coefﬁcients for the channel (c) and the ﬂoodplain (fp). FS is the simulated ﬂood extent, FO is the observed ﬂood extent, A
is  the number of correctly ﬂood simulated cells, B is the number of over-predicted ﬂood cells, C is the number of under-predicted ﬂood cells, F1 and F2 are measure of ﬁt.
Roughness FS [km2] FO [km2] FO/FS A B C F1 F2
0.020 (c) 0.031 (fp) 2016 2330 0.87 
0.022  (c) 0.035 (fp) 2010 2330 0.86 
0.018  (c) 0.025 (fp) 1905 2330 0.82 
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Fig. 4. Potential evaporation of Bolivia during February 2014 obtained from [35].
he  circle shows the study area.
he main limitation of the model is that its simulated extent covers
bout 13% less area than the ﬂood from the remotely sensed image.
his difference may  be explained by two causes: (a) the model only
onsidered the Mamore river and not the other rivers. Thus, dis-
harge overﬂow from minor rivers blocked by the Mamore river is
ot considered by the model. (b) Some observed ﬂood cells may
e caused by endogenic processes; once the ground is saturated
ny additional precipitation gets ponded. Table 3 summarizes the
erformance of the model. Although the model does not consider
ome hydrological processes like inﬁltration or evaporation that
ould reduce the ﬂood volume, those processes may  be assumed as
egligible for the purpose of the present study. Due to the low per-
eability of the soil [22] it is reasonable to assume that inﬁltration
uring this period is negligible. Fig. 4 shows the potential evapora-
ion of Bolivia during February 2014 reported by the MODIS global
vapotranspiration project [35]. The monthly evaporation during
ebruary 2014 in the study area was about 100 mm.  Although the
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485 462 54 207 126 059 0.72 0.65
481 209 50 679 133 840 0.72 0.65
evaporation in the study area is among the highest evaporation
rates of Bolivia, the evaporation may  be assumed as negligible com-
parted with the mean ﬂood depth of 3.36 m.  The total evaporation
during February 2014 accounts for about 2.9% of the mean ﬂood
depth. Thus, it is reasonable to assume that hydrological processes
of inﬁltration and evaporation may  be assumed as negligible.
4.2. The February 2014 ﬂood event
Fig. 5a shows the daily evolution of the ﬂooded area and the
ﬂood volume. Fig. 5b shows the relation between ﬂood volume and
ﬂood extent. Until February 12 both curves show the same trend
increasing rapidly. Then, the ﬂood extent stabilizes before ﬂood vol-
ume. This is because by February 12 ﬂood extent already reached
78% of the total ﬂood extent while ﬂood volume is about 74% of
the maximum ﬂood volume. The ﬂood volume still increases at the
same rate about two  more days until it reaches 80% of the maximum
ﬂood volume. The maximum simulated ﬂood extent is registered
on February 25; then the ﬂood volume begins to decrease. This is
because ﬂood waters continue to move towards cells located out-
side the study area. Thus, February 25 could be assumed as the most
ﬂooded day for the study area. Fig. 5 shows that ﬂood extent and
ﬂood volume show a good linear regression; they are related by the
equation
Vol = 3 ∗ 106Ext − 3 ∗ 108 (7)
where Vol is the ﬂood volume [m3] and Ext is the ﬂood extent
[km2]. This equation may  become useful for future ﬂood volume
estimations based on remote sensing data.
Fig. 6 shows the evolution in time of the area exposed to different
ﬂood hazard categories. The ﬂood hazard categories H1 and H2 are
nearly constant during the ﬂood event. The trend of ﬂood hazards
H3, H4 and H5 are the most important for planning evacuation
strategies because at such ﬂood categories evacuation actions are
difﬁcult or not possible. Flood hazard category 4 (H4) is the predom-
inant ﬂood hazard category. Between February 02 and February 12
the area exposed to different ﬂood hazards increases rapidly; then
it remains almost constant. Area exposed to ﬂood categories H3 and
H5 also remains almost constant after February 12. This shows that
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he ﬁrst ten days of the ﬂood can be considered as the most critical
nes for evacuation. The ﬁrst ten days the area exposed to ﬂood
azard category H4 increases at a rate of 78.16 km2 day−1. After
ebruary 12 the ﬂood area exposed to ﬂood hazard H4 increases
t a rate of 11.69 km2 day−1. February 25 could be considered as
he most hazardous day because it shows the biggest ﬂood extent
xposed to ﬂood hazard categories H4 and H5.
Fig. 7 shows the ﬂow velocity on February 25. In most of the
ooded areas the ﬂood water velocity is lower than 0.25 m s−1; the
ater is almost ponded. Such low velocities pose no hazard for
eople stability. Although there are no measurements of the ﬂow
elocities, the simulated velocities are reasonable when compared
ith the local reports and news from the events; people and cat-
le were standing or walking on calm waters and slow waters. This
N
San Javier
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Flood velocity [m/s]
0.00
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Fig. 7. Flow velocity on February 25, 2014 simulated by HEC-RAS.eroamericana del Agua 3 (2016) 25–33 31
conﬁrms that the ﬂood hazard based only on the water depth is
appropriate. The low velocities would produce low numbers of the
depth velocity product. However, for the ﬁrst kilometre ﬂooded
after the point A overﬂows the ﬂood water has velocities about
1 m s−1; velocities similar in magnitude to the river ﬂow velocity of
the Mamore river. Such high velocities show that more water over-
ﬂows from this point than from the other overﬂow points. Besides,
the areas with ﬂood waters velocities about 1 m s−1 or higher may
pose additional hazard and evacuation is more difﬁcult.
Fig. 8 shows the ﬂood hazard map  of the study area. Most of
the extreme ﬂood hazard cells (H5) are located in the rectangular
lakes. The ﬂood hazard surrounding Trinidad depends on the loca-
tion. The west side has ﬂood hazard categories H3 and H4, while the
south and the north have ﬂood hazard categories H1 and H2. Thus,
evacuation measures can be achieved anywhere except the west
of Trinidad. The simulated results are coincident with the reported
ﬂood depths and aerial photographs that show the city of Trinidad
surrounded by water and some locations of Trinidad where ﬂood
reached depths below the waist [36]. The situation in San Javier
is more critical. Not only does the ﬂood water covers the city of
San Javier but also the ﬂood hazard is classiﬁed as H3 and H4.
The simulated ﬂood conditions in San Javier are coincident with
observed ﬂood conditions that isolated San Javier and canoes were
the only mean of transportation [37]. The plains at the west mar-
gin of the Mamore not only show the biggest ﬂood extent but also
more hazardous classiﬁcation; almost the whole west ﬂoodplain
ﬂood is categorized as H4. Although there are no cities located on
the plains of the west margin, such plains are used for cattle. Thus,
cattle located on the west margin of the Mamore river are likely to
get drowned unless they are evacuated to dry land out of the ﬂood
area or to some elevated areas. Such results are coincident with
aerial observations of the ﬂood where the whole area is ﬂooded
and cattle is gathered in elevated areas that look like islands [36].
Initially, it seems that the best evacuation route for San Javier is
to move 9 km to the east in order to reach safe dryland. However,
N
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Fig. 8. Flood hazard map  considering ﬂood classiﬁcation criteria from [32].
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hat location is dryland without services. On the other hand, mov-
ng towards the south will lead to Trinidad, a bigger city with more
ervices and hospitals. Although the distance for reaching safe dry
and at the south of San Javier is about 14 km,  only the ﬁrst 9 km
re ﬂood waters categorized as H4. Thus, moving 9 km towards the
outh (same distance as when evacuating towards the east) ﬂood
aters pose little hazard. The ﬂoods that threaten the cities of San
avier and Trinidad originate at speciﬁc points where the Mamore
eander is located close to the border of the meandering belt. Thus,
uture protection measures could analyze the possibility of includ-
ng protection at these locations in order to deviate the ﬂoodwater
owards other areas.
Fig. 9 shows the ﬂood duration map. This ﬁgure also allows
nderstanding the ﬂood propagation; the cells with the longest
ood duration are also ﬁrst ones to get ﬂooded. The ﬂood begins
t points A and B. Points A and B are points where the meander
f the Mamore river is at the edge of the ﬂoodplain. The ﬂood on
he left margin of the Mamore river propagates in a north west
irection. The most important overﬂow points on the east margin
f the Mamore river are points C and D. Point C is 32 km North
f Trinidad while point D is located 10 km south west of Trinidad.
he overﬂow pattern on the east margin is different than the ﬂood
attern of the west margin. Although point D is located upstream
f point C, points C is the ﬁrst to overﬂow. The ﬂood from point C
ropagates in direction north–south. This is a direction contrary to
he direction of the Mamore river. The ﬂood that overﬂows from
oint C reaches the city of San Javier in less than ﬁve days and the
orth edge of Trinidad in about twelve days. The water that over-
ows from point D reaches the south edge of Trinidad in about
even days. It is important to note that although the ﬂood water
oes not reach the city of Trinidad, the ﬂood water surrounding
rinidad lasts for more than ten days. This ﬂood duration is longer
han the incubation period of the vector borne disease agents [38].
esides, considering that mosquitoes may  ﬂight more than 3.5 km
39], it may  be assumed that the city of Trinidad is also exposed
o vector borne diseases. Such assumption is supported by ofﬁcial
eports of dengue and malaria epidemics during ﬂood events [40].
oreover, considering that mosquitoes may  deposit their eggs as
ar as 800 m from their initial location [41], dengue and malariaeroamericana del Agua 3 (2016) 25–33
hatcheries could be located within the city of Trinidad. Although
the ﬂood at the south of Trinidad poses less hazard than the ﬂood
at the north of Trinidad (ﬂood at the south is ﬂood category H1 and
ﬂood at the North is ﬂood category H2), the south of Trinidad gets
ﬂooded before the north of Trinidad and the ﬂood has longer dura-
tion. Thus, water borne and vector borne diseases are expected to
originate at the south of Trinidad. The ﬂood duration map is also
important for the preparedness time of San Javier and Trinidad (the
time between the moment when the ﬂood begins overﬂowing the
Mamore river and arrives at certain location). The ﬂood reaches San
Javier in ﬁve days and Trinidad in twelve days. The ﬂood from point
D reaches Trinidad in seven days. It is important to note that the
ﬂood from point C has faster propagation than the ﬂood from point
D. Between point C and San Javier the ﬂood propagation speed is
about 2.14 km day−1 and from San Javier to Trinidad the propaga-
tion is about 1.9 km day−1. On the other hand, the ﬂood from point
D propagates at 0.9 km day−1.
5. Conclusions
The February 2014 ﬂood event of the Llanos de Moxos was sim-
ulated using the 2D capabilities of the new HEC-RAS 5 beta.
The simulation shows good performance when comparing the
simulation results with ﬂood extent registered by satellite images.
Besides, the simulation provides additional information like ﬂood
depth, ﬂow velocity and ﬂood duration.
The study shows that the west margin of the Mamore river is
the most hazardous one; it has bigger ﬂood extent, it has deeper
ﬂood depths and longer ﬂood duration. On the ﬂooded areas the
water has a velocity lower than 0.25 m s−1.
On the east plain of the Mamore river (where the cities of
Trinidad and San Javier are located) two  locations where identi-
ﬁed as the locations where the Mamore river overﬂows and ﬂoods
the plain. The ﬁrst is located 32 km north Trinidad and the other is
located 10 km south west of Trinidad.
The ﬁrst ten days after the Mamore begins to overﬂow the ﬂood
extent increases rapidly. Thus, those ten days may  be considered
as the most critical ones for evacuation.
The city of San Javier is ﬂooded ﬁve days after the Mamore river
begins to overﬂow. The north of Trinidad is ﬂooded twelve days
after the Mamore begins to overﬂow and the south of Trinidad is
ﬂooded seven days after the Mamore begins to overﬂow.
The ﬂood depth in Trinidad is categorized as medium hazard and
low hazard and people may  be safe inside their homes. On the other
side, the ﬂood depth in San Javier is categorized as high hazard and
people should get on the roof of their homes in order to stay safe.
The north of Trinidad shows deeper ﬂood depth and higher hazard
that could make evacuation difﬁcult. Thus, the south of Trinidad
may  be an easier route of evacuation. Besides, the ﬂood duration
shows that vector borne diseases are expected to occur especially
in the south of Trinidad.
The study shows that the new HEC-RAS version 5 is an important
tool for studying and understanding ﬂood events. Future applica-
tions of the new HEC-RAS version 5 may  help to analyze possible
ﬂood management strategies.
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